Tony Ledwith's early work at University of Liverpool is best known for the identification, characterization and use of free carbocations; in particular, demonstrating their advantages in allowing very high rates of vinyl addition and ring opening polymerizations. During a long career in academia and industry, his research predominantly focused on cationic and cation-radical mechanisms, but ranged across many aspects of polymerization mechanisms, properties and the applications of polymeric materials. His interests were always very wide, for example in surface characterization and modification. In his industrial career, his company was one of the very early adopters of scanning probe microscopies. He was an energetic enthusiast and became heavily involved in science politics, to the considerable benefit of the UK community, particularly chemists and polymer chemists.
At the time of Tony's birth, Wigan was an industrial town in the thriving Lancashire coalfield. The area had, and possibly still has, a somewhat 'tough' reputation in the minds of many people who had never been there. The association of Wigan with degradation and 'roughness' was unfortunate because its environment, social and natural, had much to recommend it and conditions there were not significantly different from many other mining/industrial towns in Britain, or in Europe and the USA; but reputations tend to stick despite the successful lives and contributions to society of so many of those born and raised there, of whom Tony was an outstanding and defiantly loyal example. He succinctly described his early years as:
Working class upbringing in a mining community. Relatively poor primary education. Interest in chemistry aroused during secondary education at Wigan Junior Technical School.* In my experience, Tony was not inclined to dwell on the past or his personal history. Fortunately, his friend Dave Whelan had no such inhibition, and it is worth paraphrasing something he wrote on hearing of Tony's death:
Tony Ledwith and I were best buddies throughout our lives. We became friends at about 11 as members of Wigan Boys Club, we both competed intensely at everything we did. We both played in the Club Band, Tony (or 'Ledders' as I always called him) played the cornet. The Band was the centre of our lives and this lasted well into adulthood. Ledders was a very very clever young man. Times were hard. Ledders' dad had been killed in a railway accident when he was four, so everything concerned with bringing up Tony and his younger brother fell on his mother's shoulders. Mr Jim Gibson, who was the Warden at the Boys Club, and a teacher from Tony's Primary School, persuaded his mother to let him take the exam for Wigan Tech; he passed and thus was spared the pit and began his life in science. † Family photos (figure 1) show Tony on his tricycle and with his younger brother. The bare facts of Tony's early education are that he attended St Cuthbert's Primary School, Pemberton, Wigan, from 1938 to 1945 , followed by Wigan Junior Technical School, from 1945 to 1948 , and Wigan District Mining and Technical College, 1948 to 1954 . During this period, something or somebody fired his imagination and enthusiasm and he studied chemistry, physics and maths before specializing in chemistry. The 'somebody' in question was probably, according to family memories, a Dr Dean at Wigan Tech. This encouragement was fruitful in triggering his scientific career because, with help from the Boys Club, he was able to go to London to sit the theory and practical examinations of the Royal Institute of Chemistry. The exams took a whole week, during which he stayed in the YMCA. In April 1954 he was successful in the written and practical examinations for Associateship of the Royal Institute of Chemistry (ARIC), although as he points out:
The letter informing me of success stipulated that I must wait several months (to the age of 21) before I could formally claim to be an ARIC! A London University B.Sc. External Honours followed in the same year. It is interesting to recall that for both examinations there was a requirement to attend in London (at Imperial College) for practical examinations which lasted the better part of a week! At the time of writing, most higher education establishments in the UK have abandoned or severely curtailed the requirement for practical examinations.
As related above, Tony's young years were not exclusively involved in academic education. One of his joys was music in all its forms, but with special emphasis on brass instrumentation. His preferred instrument was the cornet and his skilled playing resulted in him becoming a founder member of the National Youth Brass Band. Happily, this enthusiasm for music was life-long and stayed to comfort him through the final trials of his life. He was also a sports enthusiast, particularly ball games, and he tried out and played briefly for his local football team, Wigan Athletic, more familiarly known by the nickname the 'Latics'. He remained a supporter of the Latics and the Wigan Warriors, the local rugby league team, throughout his life. Subsequently, his enthusiasm led him to tennis, which he played with friends and family for most of his life, but he had an enduring enthusiasm for football (figure 2) and cornet playing (figure 3).
In 1960 he married Mary Clare Ryan at St Marie's Church, Standish, and their marriage was blessed by three daughters, Joanne, Stephanie Clare and Kate Elizabeth, and a son, James Anthony.
Tony's life remained rooted in Wigan and the surrounding area all his life. I believe that he gained a sense of proportion and stability from this. There are many stories that could be told in addition to his music and sport attachments: such as his early interest in socialism, which led to the soubriquet 'Red Led' and his characterization as a 'lifelong Guardian Reader'; his passion for competitive growing and tasting of new potatoes, organized through his local pub; and his distaste for exotic foods, which required life support packages in the form of packs of Mars bars for the many overseas trips in his subsequent career. Many readers of this memoir will recognize the desirability of having a 'switching off and relaxing mechanism' to help manage the stresses and strains of an intensely demanding professional life. Tony was a warm, open-hearted man with many friends from different social backgrounds, political persuasions and nationalities. He was blessed with an outgoing, open personality, and his family, music and sport, together with staying rooted in his community and close to the friends of his youth, were a great asset and pleasure for him.
Liverpool
After graduation from Wigan Technical College, Tony was recruited into the University of Liverpool to work for a PhD in Cecil Bawn's group and under Bawn's supervision (Cecil Edwin Henry Bawn CBE FRS (1908 -2003 , Brunner Professor of Physical Chemistry in the University of Liverpool). The University of Liverpool was thriving and particularly strong in polymer chemistry. Tony was fortunate in many respects in that Bawn seems to have had a fairly 'hands off' attitude to the details of the research supervisor role, but he was a great networker and encourager of his group and keen that they should be successful in the larger world of science. Consequently, from the beginning of his initial Research Assistantship appointment, Tony escorted Bawn to meetings with the 'great and the good' of the time and was encouraged to stay on top of this rapidly changing field and to obtain and maintain a detailed understanding of the emerging methods for making polymers, and of the reaction mechanisms by which they could be made, together with their characterization and materials' properties.
This was a period of very rapid change. It proved an excellent opportunity for an enthusiastic young scientist, and Tony developed the habits of study that, coupled to his apparently endless energy, were to stand him in good stead throughout his career. Some years ago, I had the opportunity to discuss this early period of Tony's career separately with both Tony and Cecil Bawn. By that time, it had become clear that, (a) Tony was prepared to live anywhere as long as it was Wigan, and (b) he could commute between Liverpool and Wigan by train and he spent his commuting time, and virtually all 'spare' time, reading the current literature. He read journals every day and was on top of what was published. During this period of rapid change in chemistry, and in polymer science and technology in particular, there was still quite a lot of cross-fertilization between different areas of science and the 'age of the polymath' was, in some respects, still alive.
As many students and postdoctoral co-workers found to their advantage, through the 1970s Tony's group at the Donnan Laboratories in Liverpool was an exciting, convivial and highly productive one in which to work. What he strongly advocated and practised was an interdisciplinary approach, emphasizing awareness of current developments in other scientific areas and the evaluation of their potential relevance to and utility in the polymer chemist's core areas of interest. This enlightened strategy led to a portfolio of key contributions to various fields including nanocomposites, surface modification and tissue engineering. Most of these fields are now mainstream, but were essentially unheard of at the time of the original work of his group. Tony's enthusiastic approach was infectious, instilling confidence in the members of his research group and creating a training environment of high quality. His reputation attracted talented postdoctoral fellows from around the world, enhancing teaching and mentoring resources within his group as the number of postgraduate research students steadily increased. Not surprisingly, many Ledwith group alumni moved on to successful careers in academia and industry. He also believed in the importance of accessible teaching and of firing the interest of young people in science (see figure 4) .
During his three decades at Liverpool he travelled and lectured extensively in Europe and America and participated in translating chemical breakthroughs into industrial practice. The latter is exemplified by his sabbatical at the Xerox Research Laboratories in upstate New York in 1974, where his work led to important breakthroughs in the printing and surface coating industries. Today's young scientists, setting out on their careers in an era of massive expansion in the number of active practitioners, journals and publications, can rightly be envious of the scientists of this earlier period. Tony was caught up in the excitement of the time, and the infectious enthusiasms established then (or possibly before) stayed with him throughout his career. Although we never formally worked together, our interests overlapped and we became good friends, met often at symposia, and acted as external examiners in each other's institutions, and Tony chaired the steering committee of the Engineering and Physical Sciences Research Council (EPSRC) Interdisciplinary Centre in Polymer Science and Technology when I was its director. During this period, and through the rest of our association, I never met him without his raising some matter which he had read recently and was excited by; this happened despite his increasing bureaucratic load and involvement in science politics. His situation in his early career outlined above threw him very much on his own resources of curiosity and energy, characteristics which he had in abundance until close to the end of his life.
Career
Tony started his research career in Liverpool in 1954 and within a year was appointed to a permanent Research Assistant position. This was soon converted to a Lectureship followed by Senior Lectureship, Reader, Personal Chair, the Campbell Brown Chair of Industrial Chemistry, Head of the Department of Inorganic, Physical and Industrial Chemistry, and Dean of the Faculty of Science-all these posts in the University of Liverpool. His developing scientific career was also stimulated by a Fulbright Scholarship, leading to a sabbatical with Professor Saul Winstein at the University of California Los Angeles (UCLA) . This was an adventure for a young couple from Wigan with no passports at the time, which set the tone and pace for their 55-year-long marriage. Subsequent spells as Visiting Professor at the University of California Santa Barbara (1968 ), Xerox Corporation Research Center, Rochester, NY (1974 , and many European destinations continued the stimulation while illustrating the respect and affection which the national and international community had for him and his work. (RSC, 1988 (RSC, -2000 , another busy and demanding role that allowed him to continue his work supporting and stimulating all areas of the discipline at a time when the RSC was expanding its reach and influence worldwide.
My interactions with Tony convinced me that all of these posts got his full attention and that he ensured the welfare and development of science and technology, particularly in respect of polymers and materials science. The scientific community, particularly that part of it concerned with polymeric materials, his contemporaries and those who followed after him all benefitted from Tony's efforts, enthusiasm and attention to detail-some without ever knowing. His contributions were recognized in 1995 by the award of a CBE (figure 5).
Scientific contributions
At the time that Tony joined Bawn's group in Liverpool and was taking his first steps in research, new methods of making polymers in a precise way were exciting a lot of interest and enthusiasm in both academic and industrial laboratories. The primary stimulus was the work of Karl Ziegler on the transition metal initiated polymerization of ethylene to produce linear, or high density polyethylene (HDPE) under mild conditions of temperature and pressure. This contrasted with the high pressure free radical initiated polymerization leading to the branched, or low density polyethylene (LDPE) established in the mid 1930s at about the time of Tony's birth. Both kinds of polyethylene had, and continue to have, considerable market and technological success. For example, it can be argued that the dielectric properties and relatively easy processing of LDPE were critical to the development of radar during World War II.
At about the same time as Ziegler's discovery of HDPE, Guilio Natta described the synthesis and properties of stereo-regular polypropylenes with greatly enhanced properties (tough and strong) compared with the atactic (non-stereo-regular) version of this material (soft and waxy). Ziegler and Natta jointly received the Nobel Prize for Chemistry in 1963 as a consequence of their novel and exciting work in making new and useful materials from readily available alkenes. Interest in polymer synthesis received an enormous stimulus and, since industry and funding agencies could see the potential spin-offs in science and technology, funding flowed generously for a period, until the short-term horizons and limited patience of the financial sector in the UK resulted in a withering of interest in the subject for a decade or so in the second half of the twentieth century. Thus, although the industrial base represented by high tonnage bulk materials was (and remains) economically and technologically important worldwide, research in polymer synthesis for bulk polymers was often described as 'mature'. The subject did subsequently recover as a research activity due to the importance of bespoke, lower tonnage, and often functionally specialist, materials in many diverse areas, notably the medical sector, electronics, electro-optics and specialist packaging. Tony's career spanned these changes, which have been the subject of several books and reviews. He contributed to quite a few topics personally, his lively enthusiasms never diminished and he stimulated many of the other participants in these fields.
Tony's first graduate researches as a student in Liverpool involved studies of the decomposition polymerization of aliphatic diazo-compounds via catalytic elimination of nitrogen. Various catalysts were investigated, including compounds of gold, boron and copper. Although usable, such processes did not lead to processable high molecular weight polymers and useful products. Beyond the simplest structure (polymethylene), such an approach to synthesis is handicapped by steric congestion of the growing chain. Also, this was an expensive and somewhat experimentally hazardous approach and so was soon abandoned in favour of more fruitful investigations. However, this initial period of research allowed Tony to hone his skills as a physical organic chemist and his understanding of structure/property relationships and mechanistic aspects. Throughout his career, he retained his interest in free radical as well as ionic polymerizations, and his catholic interest in synthesis and structure/property relations, and this early practical experience, augmented by his reading and networking, doubtless helped to make him an ideal advisor, consultant and chairman of decision making committees.
Another early interest was in cationic polymerization. At the time, the debate between Saul Winstein and Herbert Brown about the reality or otherwise of 'classical' and 'non-classical' carbocations was going 'hammer and tongs', full of sound and fury and, so it seemed to nonparticipants, consuming far more time, energy and money than specifying the exact nature of the norbornyl cation justified. Be that as it may, it was the red hot topic of the day and a lot of very able young scientists were attracted to the research schools of these two giants of physical organic chemistry, and Tony was one of those involved who benefited professionally. Such intensely fought arguments have, of course, a value other than providing the answers to the problems tackled (whether the problem be of theological or scientific nature, the two sometimes being difficult to distinguish). Some of the spin-offs include the development of clear analytical thought and new experimental synthetic and analytical methodologies. At that time, the analytical methodologies used were mostly in the area of spectroscopy and kinetics, and the results often allowed for ambiguity in interpretation. Thus, the protagonists could prolong the argument until a definitive method came along to give an unambiguous answer (in this particular case, high level computational chemistry). This preamble explains why Tony chose to spend a year in Winstein's group at UCLA. There, he learned a lot of spectroscopy and kinetics, which he effectively imported into the UK and used extensively, upon his return to Liverpool, to tackle problems in cationic and photo-cationic initiation of polymerization, both vinyl and ring opening. This new work led to an interest in functional polymers displaying photoluminescence, photoconductivity and photochemical reactivity, and helped to establish a better understanding and characterization of cations and cation-radicals in general organic chemistry. It also led Tony into many international collaborative interactions: for example, work on chiroptical effects on polymerizations and polymer properties with groups in Pisa; cation-radicals, in Texas; and charge transfer and photoconductivity, with the Xerox Corporation.
In essence, the intellectual question to be addressed involved attempting to specify the nature of the initiating and chain-carrying species in these chain-growth polymerizations. Thus, is the species involved one or more of the four shown in the following equation?
Covalent Contact Separated Free ions polarized ion pair ion pair Tony's group were able to show that free cations (rather than ion pairs) are involved in cationic vinyl and ring opening polymerizations (2, 6)*. Obtaining a definitive answer required the development of specific calorimetric techniques in addition to extensive use of various established spectroscopies. The area was very complicated, confused and confusing at the time, with many topics generating strongly held views that were forcibly expressed by their proponents. Tony was an equable man and did not get involved in the sometimes bitter interpersonal disputes of the time. He 'let the work, results and publications do the talking'. He was in demand as a speaker, and had a fully justified reputation for generosity, open-mindedness and fairness.
During this period, in the early 1970s, his group showed that genuine free cations could be generated and used in polymer synthesis; in the appropriate circumstances they gave very high rate coefficients. Further, they could be very 'clean' reactions; for example, the free cationic polymerization of N-ethyl-3-vinylcarbazole proceeded without termination or transfer. Reaction mechanisms for chiral monomers and optical properties of chiral polymers were clarified and consequently light cast on some details of stereo-regular polymerizations (5, 7). The introduction of preformed carbocations, e.g. triphenylmethyl and tropylium, led him into studies of the nature of charge transfer processes, and more generally into the photochemistry and photophysics of materials, and to stronger interactions with industry and detailed studies of formation and use of radical cations. A large body of work was established and reviewed (4) and much of this intense period of work has now become part of the established textbook view of the areas examined. The vast and varied amount of work makes it inappropriate for review here, but it is readily available through the publications listed elsewhere, but, in particular, in several books (8, 3, 1) .
After he moved into industry in 1984, Tony maintained interactions with academia at home and abroad, and when photochemically-initiated cross-linking of polymer matrices became a hot topic (think surface coatings and 'white dental fillings'), his interactions with fundamental theoreticians and modelling were a very useful aid to progress. Also, his openminded approach to materials characterization and analysis meant that his new employers were early adopters and beneficiaries of the fields of scanning probe microscopies.
After his successful period in industry, Tony returned to academe at the invitation of Gareth Roberts (vide supra). He was appointed as temporary head of Sheffield's Chemistry Department on a three-days-a-week basis with the brief to: (a) enliven the Department; and (b) find his own replacement. This role required the application of some of Tony's strengths, namely, 'spotting talent' and working out 'what made people tick'. He was instrumental * Numbers in this form refer to the bibliography at the end of the next. in securing new appointments and, perhaps more importantly, recognizing and promoting existing talent within the Department. Thus, C. A. Hunter and V. K. Aggarwal were internally promoted to chairs in their thirties, and subsequently elected as Fellows of the Royal Society in 2008 and 2012, respectively. Professor A. J. Ryan (Tony) eventually replaced Tony Ledwith, and the Department experienced the required enlivenment.
During his sojourn at Sheffield, Tony maintained both his traditional enthusiasms and his habitually smart appearance. Thus, invariably dressed in a suit and tie (one of two ties: either that of the British High Polymer Group or the Royal Society of Chemistry), he conducted his lunchtime review of the week on Fridays (on one pint of beer and half a sandwich, never more, which probably explains his enduring slimline). Sadly, the very early signs of the dementia which was to ravage his last years began to be evident to those close to him during this period.
At this stage, he more or less disappeared from public view and into the community in Wigan that, after his wife and family, had always been the source of his strength. That community closed around him during those years of decline. The Pemberton Brass Ensemble, who played at his funeral, were the inheritors of the Wigan Boys Club Band, which, like the Club itself, had been such a constructive contributor to his life. The exercise of sitting the ARIC examinations in London at the beginning of his career was made possible through financial support from the Wigan Boys Club, to whom Tony and all of us who benefited from his subsequent career were and are grateful.
As his funeral cortege carried him on his last journey, the pub that had been his favourite watering hole was closed-everybody was in the church, along with many others whose lives he had also enhanced. 
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